


















a	 key	 objective	 of	 stock	 assessment	 and	 management.	 Although	 many	 efforts	 have	 been	19	
undertaken	linking	climatic	and	stock	dynamic	factors	to	herring	recruitment,	no	major	attempt	20	
has	been	made	to	estimate	recruitment	levels	before	the	20th	century.	Here	we	present	a	novel	21	









herring	 recruitment	 using	 δ13CṠ.	 The	 reconstruction	 suggests	 that	 there	 were	 five	 extended	31	
episodes	 of	 low	 recruitment	 levels	 before	 the	 20th	 century.	 These	 results	 are	 supported	 by	32	
measured	recruitment	estimates	and	historical	fish	catch	and	export	documentation.	This	work	33	
demonstrates	that	molluscan	sclerochronological	records	can	contribute	to	the	investigation	of	34	




































50	 years.	 In	 the	 1970s,	 herring	 recruitment	 failure	 led	 to	 a	 collapse	 of	 the	 fish	 stock	 and	71	
temporary	closure	of	 the	 fishery.	 	 Later,	 in	 the	2000s,	 reduced	 recruitment	 levels	 caused	 the	72	
fisheries	management	agencies	to	reduce	the	total	allowable	catch	of	the	North	Sea	stock	by	half	73	
(Corten,	2013).	While	annual	estimates	of	herring	recruitment	in	the	North	Sea	are	available	for	74	
the	 20th	 and	 21st	 centuries	 (Burd,	 1978;	 ICES,	 2018),	 understanding	 the	 long-term	 variability,	75	
magnitude	 and	 drivers	 of	 recruitment	 can	 inform	management	 efforts	 to	 keep	 the	 stock	 at	76	
sustainable	levels	(Dickey-Collas	et	al.,	2010;	Simmonds,	2007).	77	
In	the	classical	view	of	the	marine	food-web	in	temperate	seas,	fisheries	recruitment	and	78	






been	undertaken	to	understand	the	drivers	of	 recruitment	variability	 in	 the	North	Sea.	These	85	
include	 regression	 analyses	 between	 recruitment,	 stock	 densities	 and	 water	 temperature	86	





the	 other	 hand,	 Axenrot	 and	Hansson	 (2003)	 and	Gröger	 et	 al.	 (2010)	 successfully	modelled	92	
herring	recruitment	in	their	studies	but	these	were	limited	to	the	second	half	of	the	20th	century	93	
and	neither	was	able	 to	provide	an	adequate	mechanism	 to	explain	 the	 interaction	between	94	
modes	of	climatic	variability	and	recruitment.	95	





is	 in	 turn	 influenced	 by	 the	 combined	 effects	 of	 the	 NAO	 and	 AMO	 (Hurrell,	 1995;	 O’Reilly,	101	
Woollings,	&	Zanna,	2017).	102	





may	 not	 always	 be	 useful	 as	 a	 guide	 to	 estimate	 recruitment	 levels	 as	 this	 also	 requires	108	
information	about	levels	of	natural	and	fishing	mortality	(Tester,	1955).	To	effectively	address	109	
this	 information	gap,	we	require	a	set	of	reliably	dated	proxy	data	that	are	tightly	coupled	to	110	




















driven	 relative	 13C	 depletion	 in	 the	 North	 Sea	 (oceanic	 Suess	 effect)	 and	 determine	 a	 time-131	
dependent	mathematical	formulation	for	it,	(b)	explore	the	relationship	between	the	δ13C	from	132	
the	shell	of	the	ocean	quahog	and	diatom	abundance,	and	(c)	associate	this	relationship	with	133	
patterns	 of	 herring	 recruitment	 in	 the	 North	 Sea.	 As	 the	 first	 attempt	 to	 link	 molluscan	134	














abundance	 and	 age-0	 herring	 recruitment	 and	 used	 this	 calibration	 to	 reconstruct	 herring	149	







that	 the	majority	 of	 herring	 spawning	 in	 the	 North	 Sea	 occurs	 in	 the	 vicinity	 of	 Orkney	 and	157	











Radiocarbon	 dating	 was	 carried	 out	 on	 the	 umbonal	 shell	 portion	 (deposited	 in	 early	169	
ontogeny)	of	nine	of	the	previously	mentioned	sixteen	specimens	(Scourse	et	al.,	2006).	Typically,	170	
the	juvenile	section	in	the	ocean	quahog’s	shell	contains	the	broadest	increments	and,	therefore,	171	
umbonal	 shell	 samples	 incorporate	 less	 than	 five	 years	 of	 growth	 (Helama,	 Schöne,	 Black,	&	172	
Dunca,	 2006;	 Scourse	 et	 al.,	 2006).	 The	material	 was	 submitted	 to	 the	 Natural	 Environment	173	
Research	 Council	 Radiocarbon	 Laboratory	 (East	 Kilbride,	 United	 Kingdom)	 or	 the	 Accelerator	174	
Mass	Spectrometry	14C	Dating	Centre	(University	of	Aarhus,	Denmark).	175	









Richardson,	 et	 al.	 (2009)	 and	 Cook	&	 Peters	 (1997).	 Two	 juvenile	 (age	 <30	 yr)	 live	 collected	185	
specimens	 were	 not	 crossmatched	 to	 FGB,	 but	 were	 independently	 dated	 by	 counting	186	
increments.	187	
The	 strength	 of	 the	 chronology	was	 analysed	with	 the	 standard	 dendrochronology	 and	188	
sclerochronology	statistics	r	̄ (the	average	correlation	between	pairs	of	shells	with	overlapping	189	
lifespans)	and	the	expressed	population	signal	(EPS;	variance	explained	by	a	finite	subsample	of	190	












spherical	 tungsten	 carbide	 dental	 burr	 with	 a	 diameter	 of	 300	 µm	 at	 the	 tip.	 To	 minimise	203	
aragonite	to	calcite	transformation	due	to	heating	and	stress	(Foster	et	al.,	2008),	the	rotation	204	












flow	 isotope	 ratio	 mass	 spectrometer	 equipped	 with	 a	 GasBench	 II	 at	 the	 Institute	 of	217	
Geosciences,	University	of	Mainz	(Germany).	Samples	were	reacted	with	water-free	H3PO4	at	72	218	




reported	 relative	 to	 the	 Vienna	 Pee	 Dee	 Belemnite	 standard.	 Note	 that	 we	 did	 not	 apply	 a	223	
correction	 for	 different	 acid	 fractionation	 factors	 of	 the	 shell	 samples	 (aragonite)	 and	 the	224	
reference	material	(calcite).	For	more	detailed	description	and	reasoning	see	Füllenbach,	Schöne,	225	
&	Mertz-Kraus	(2015).	226	
We	 inspected	 the	 results	 against	 the	 average	 peak	 intensity	 given	 by	 the	 mass	227	
spectrometer	 and	 rejected	 those	 that	 showed	abnormally	high/low	 isotope	 values	 and	 those	228	
with	 intensities	 falling	 significantly	outside	 the	 range	of	 the	 reference	materials.	 Lower-than-229	
average	peak	intensities	are	related	to	insufficient	mass	in	the	carbonate	powder	sample.	230	
2.4	Adjustment	for	the	oceanic	Suess	effect		231	

















International	Council	 for	 the	Exploration	of	 the	Sea	 (ICES)	2017	 fish	 stock	assessment	 for	 the	249	










The	 δ13CṠ	 data	were	 compared	 to	 the	 log-transformed	maximum	diatom	 count	 (Johns,	260	
2016)	and	log-transformed	age-0	herring	recruitment	(ICES,	2018)	(see	Supplementary	Material	261	
for	detailed	description	and	reasoning).	The	latter	two	were	also	compared	against	each	other.		262	
A	 cross	 calibration/verification	 (CCV)	 using	 reduced	 major	 axis	 (RMA)	 regressions	 was	263	
performed	after	removal	of	outliers	in	the	δ13CṠ	and	herring	recruitment	and	diatom	count	for	264	
the	interval	1947-2015.	The	outliers	were	identified	graphically	in	a	modified	box	and	whisker	265	
plot	 where	 the	 extent	 of	 the	 first	 and	 fourth	 quartiles	 (represented	 by	 the	 whiskers)	 is	266	
constrained	 to	be	 less	 than	1.5	 times	 the	 combined	height	 of	 the	 second	and	 third	quartiles	267	
(represented	by	 the	box).	Data	outside	 this	constraint	 is	considered	an	outlier.	Three	outliers	268	
were	 identified	 in	MD	and	HR	 (1969,	 1970,	 1972,	 and	 1975-1977,	 respectively)	 and	one	was	269	
identified	in	δ13CṠ	(1979).	270	
Six	 equations	 were	 generated	 from	 the	 CCV	 procedure:	 two	 equations	 relate	 δ13CṠ	 to	271	
maximum	diatom	count	(MD),	two	relate	MD	to	herring	recruitment	(HR)	and	two	relate	δ13CṠ	272	
to	 HR.	 The	 δ13CṠ/MD	 and	 MD/HR	 equations	 that	 produced	 the	 residuals	 with	 the	 lowest	273	
heteroscedasticity	 were	 combined	 to	 generate	 an	 additional	 δ13CṠ/HR	 equation	 which	 was	274	
















(2008)	was	 registered	 in	 the	southern	 towns	of	Schiedam	and	Vlaardingen.	B.	Poulsen	 (2008)	290	
used	 the	 fishing	 ships’	 dimensions	 and	 power	 as	 his	 unit	 of	 effort	 which	 remain	 consistent	291	
throughout	 the	 entire	 time	 series.	 The	 fishing	 vessels	 associated	with	 the	 CGV	 carried	 hemp	292	
driftnets	until	1859	(B.	Poulsen,	2008)	so	the	adoption	of	lighter	cotton	nets	does	not	factor	into	293	
the	Dutch	CPUE	record.	294	
The	 English	 record	 (1750-1789)	 was	 compiled	 by	 Cushing	 (1968)	 from	 “An	 historical	295	
account	 of	 the	 ancient	 town	 of	 Lowestoft”	 by	 Edmund	 Gillingwater	 in	 1790.	 In	 his	 book,	296	
Gillingwater	provides	the	“total	average	of	each	owner’s	boat”	which	is	the	total	catch	by	that	297	































originally	 constructed	 by	 Butler,	 Richardson,	 et	 al.	 (2009)	 suggests	 that	 our	 newly	 extended	329	






increment	 sampling	 becomes	 increasingly	 difficult	 in	 later	 ontogeny	 as	 the	 increments	 get	336	
compressed	 into	a	 smaller	 area.	 The	average	 temporal	 overlap	between	 specimens	was	nine	337	
years	with	a	minimum	of	one	year	and	a	maximum	of	26	years.		338	
Following	our	sample-rejection	convention	in	combination	with	samples	that	were	under	339	


























	 𝑀𝐷()* = 0.4969	 ± 0.1021 	δ 𝐶*5 𝑆 + (5.540	 ± 0.0016)	 (1)	
	 𝑀𝐷()* = 0.5727	 ± 0.1024 	δ 𝐶*5 𝑆 + (5.546	 ± 0.0008)	 (2)	
	 𝐻𝑅 = 1.253	 ± 0.2221 	𝑀𝐷()* + (0.4119	 ± 1.565)	 (3)	
	 𝐻𝑅 = 0.8934	 ± 0.1717 	𝑀𝐷()* + (2.551	 ± 0.9031)	 (4)	
	 𝐻𝑅 = 1.133	 ± 0.2228 	δ 𝐶*5 𝑆 + (7.386	 ± 0.0040)	 (5)	
	 𝐻𝑅 = 0.6237	 ± 0.1193 	δ 𝐶*5 𝑆 + (7.493	 ± 0.0016)	 (6)	
HR	and	MD	are	 log-transformed	and	all	uncertainties	 in	Equations	1-6	represent	the	standard	366	
error	 in	 slope	 and	 intercept.	 Table	 1	 summarises	 the	 equations’	 statistics	 and	 calibration	367	
intervals.	368	









	 𝐻𝑅 = 0.6228	 ± 0.1690 	δ 𝐶*5 𝑆 + (7.356	 ± 1.991)	 (7)	
Equation	7	has	a	standard	error	of	prediction	of	11.60	x	109	recruits	(equivalent	to	the	378	
standard	 deviation	 of	 residuals),	 the	 lowest	 of	 all	 the	HR	 equations,	 calculated	 for	 the	 same	379	



















Our	HR	 reconstruction	 shows	positive	 correlations	with	 the	Dutch,	 English	 and	 Scottish	399	
CPUE	standardised	 indices.	When	compared	 to	 the	CPUE	reconstruction	of	 the	Dutch	herring	400	
fishing	fleet,	we	find	the	strongest	HR:CPUE	correlation	when	the	fishing	occurs	between	one	401	
and	 three	 years	 after	 the	 herring	 recruitment	 (Figure	 6d,	 Figure	 7a).	During	 the	 17th	 century	402	
(1604-1698)	the	Dutch	CPUE	reconstruction	has	an	average	temporal	resolution	of	2.35	years	403	





data	 (1700-1781)	 has	 an	 average	 temporal	 resolution	 of	 1.25	 years	 and	 shows	 significant	409	
correlations	with	HR	at	lags	between	one	year	preceding	recruitment	and	four	years	after,	the	410	
most	significant	occurring	two	years	after	recruitment	(r	=	0.47,	p	=	7.8	x	10-5).	The	19th	century	411	
Dutch	 CPUE	 data,	 representing	 the	 years	 1820-1855	 at	 a	 two-year	 resolution,	 shows	 the	412	
strongest	correlation	 to	our	HR	reconstruction	when	 fishing	occurs	one	and	 three	years	after	413	
recruitment	(r	=	0.47,	p	=	0.04	and	r	=	0.48,	p	=	0.04).	414	













If	 the	 Peterhead	 data	 are	 divided	 into	 two	 segments	 (1835-1870	 and	 1871-1914)	 and	 the	428	
correlation	analysis	is	repeated,	we	find	a	significant	correlation	with	our	HR	reconstruction	when	429	
fishing	occurs	three	years	after	recruitment	(r	=	0.36,	p	=	0.04)	for	the	first	segment.	Similarly,	a	430	





In	 2012	 Beirne	 et	 al.	 showed	 that	 δ13C	 variability	 in	 the	 shell	 of	 the	 ocean	 quahog	 is	436	
controlled	by	δ13CDIC	 variability	 in	 the	water	 column,	 itself	 being	partly	 controlled	by	primary	437	
production.	 	 Equation	 1	 is	 used	 to	 reconstruct	 the	maximum	diatom	 abundance	 because,	 as	438	
primary	production	increases	(during	the	spring	diatom	bloom,	for	example),	12C	is	preferentially	439	
incorporated	into	the	blooming	biomass,	leaving	the	ambient	water	enriched	in	13C	(Gruber	et	440	









it	 can	 represent	 food	 availability	 for	 the	 fish.	 Capuzzo	 et	 al.	 (2018)	 showed	 that	 a	 decline	 in	450	
primary	production	 in	 the	North	Sea	 for	 the	years	1988-2013	produced	a	knock-on	effect	on	451	
higher	 trophic	 levels,	 indicating	 a	 bottom-up	 control	 of	 the	 local	 ecosystem.	 In	 their	 study,	452	
Capuzzo	et	al.	(2018)	found	that	the	25-year	decline	in	primary	production	caused	a	decline	in	453	
small	 copepod	 abundances	 which,	 in	 turn,	 caused	 a	 decline	 in	 fish	 recruitment	 in	 seven	454	
commercially-important	fish	stocks	in	the	North	Sea.	The	correlation	(r	=	0.45)	between	primary	455	
production	and	fish	recruitment	index	observed	by	Capuzzo	et	al.	(2018)	is	similar	to	that	which	456	












column	 while	 being	 rapidly	 degraded	 by	 zooplankton	 and	 bacteria	 (Hansen	 &	 Bech,	 1996;	469	
Lampitt,	Noji,	&	von	Bodungen,	1990)	and	the	high-Mg	CaCO3	precipitates	contained	within	the	470	
excretions	dissolves	as	they	reach	the	benthos	(Viitasalo,	Rosenberg,	Heiskanen,	&	Koski,	1999;	471	

















the	 year	which,	 according	 to	 our	 reconstruction,	 the	 recruitment	 is	 fully	 stabilised	 and	 on	 a	489	
positive	trend.	490	
ICES	(2018)	data	shows	that,	for	the	second	part	of	the	20th	century,	there	is	a	strong	and	491	




not	 always	 be	 correct	 (Erisman	 et	 al.,	 2011;	 Harley,	 Myers,	 &	 Dunn,	 2001).	 This	 is	 due	 to	496	
hyperstability,	the	tendency	of	CPUE	remaining	elevated	as	stock	declines	due	to	the	schooling	497	
behaviour	 of	 fish.	 Hyperstability	 can	 be	 observed	 in	 overexploited	 stocks.	 Nevertheless,	 the	498	
historical	 data	 presented	 here	 comes	 from	 intervals	 when	 overexploitation	 of	 the	 complete	499	
North	Sea	herring	stock	was	unlikely,	and	it	is	the	only	assessment	tool	available.	500	
The	change	in	the	strength	and	significance	of	the	Dutch	CPUE:HR	correlation	is	revealing	501	
















related	to	the	fishing	patterns	adopted	 in	the	1800s.	As	was	the	case	 in	the	18th	century,	 the	518	
fishing	 season	 lasted	 from	 June	 to	 November	 and	 the	 fleet	 would	 spend	 its	 time	 between	519	
Shetland,	 Scotland	 and	 northern	 England	 and	 would	 not	 head	much	 further	 south	 than	 the	520	
Dogger	Bank.	The	fleet	would	dedicate	the	second	half	of	the	season	to	fishing	in	Scottish	waters,	521	
with	the	months	of	October	and	November	being	spent	in	the	Fladen	Ground	(B.	Poulsen,	2008).	522	
The	 case	 of	 the	 Lowestoft	 herring	 fishery	 CPUE	 stands	 out	 as	 the	 only	 one	 without	 a	523	
significant	 correlation	with	 HR	within	 ±5years	 of	 recruitment.	 As	with	 the	 case	 of	 the	 Dutch	524	









definition	 fails	 to	 consider	 the	 improvements	 in	 technology	 through	 time,	 such	 as	 the	534	
introduction	of	the	decked	fifie	ships	in	the	1870s	(Smylie,	1999)	which	were	capable	of	going	535	











considered	 a	 unit-stock	 (Mariani	 et	 al.,	 2005).	 Our	 reconstruction,	 which	 shows	 a	 decline	 in	547	
recruitment	 that	 lasted	 most	 of	 the	 second	 half	 of	 the	 19th	 century,	 provides	 a	 plausible	548	






the	 oSE	 from	 the	 series	 we	 emphasised	 the	 high	 frequency	 variability	 in	 δ13C	 (δ13CṠ)	 and	555	
calculated	a	significant	regression	line	between	δ13CṠ	and	diatom	abundance	in	the	North	Sea.	556	









































































































































































































































































































1	 1962-1988	 18	 0.3248	 0.0135	 163.0	x	103	†	 0.4703	 0.4928	
2	 1988-2005	 18	 0.4888	 0.0012	 90.50	x	103	†	 1.044	 0.3068	
3	 1959-1990	 26	 0.2461	 0.0010	 20.22	x	109	‡	 5.007	 0.0252	
4	 1991-2015	 26	 0.0993	 0.1168	 15.02	x	109	‡	 12.86	 0.0003	
5	 1960-1985	 21	 0.2650	 0.0170	 24.08	x	109	‡	 9.855	 0.0017	
6	 1985-2005	 21	 0.3045	 0.0095	 12.62	x	109	‡	 0.6415	 0.4232	






landings	 by	 UK-registered	 ships	 between	 the	 years	 2012-2016	 (Richardson,	 2017)	 per	 ICES	853	



























the	 Scottish,	 English	 and	 Dutch	 fishing	 fleets.	 Colour	 figure	 can	 be	 viewed	 at	881	
wileyonlinelibrary.com.	882	
Figure	7.	Relation	between	the	reconstructed	herring	recruitment	and	CPUE	from	the	Dutch	(a),	883	





Scottish	CPUE	 (1845-1871)	 two	years	after	 recruitment	has	occurred	while	 the	 relationship	 is	889	
stronger	with	the	English	CPUE	six	years	after	recruitment.	The	relationship	is	not	as	strong	with	890	
the	Peterhead	District	CPUE.	This	may	be	due	to	the	amalgamation	of	the	data	before	and	after	891	
the	introduction	of	cotton	nets	in	the	1860s	and	decked	fifie	ships	in	1870	(see	text	for	details).	892	
The	scatter	plots	in	c	and	d	show	the	CPUE	data	that	has	the	strongest	correlation	after	lagging.	893	
Colour	figure	can	be	viewed	at	wileyonlinelibrary.com.	894	
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